A frequency-doubling optoelectronic oscillator based on a polarization modulator without the use of an extra laser diode is introduced. The application of the OEO in microwave upconversion is experimentally verified.
Introduction
Optoelectronic oscillators (OEOs) have shown high performance in microwave and millimeter-wave generation and signal processing for applications in wireless communications, radars, and modern instrumentation [1, 2] . A conventional OEO can generate a low-phase-noise microwave signal at a relatively low frequency, which is limited mainly by the electronic bottleneck due to the use of electronic devices and electro-optical modulators in the cavity. To expand the range of frequency, frequency-doubling OEOs have been proposed [3] [4] [5] [6] . Sakamoto et al. suggested a frequency-doubling OEO by biasing a LiNbO 3 Mach-Zehnder modulator (MZM) at the minimum transmission point (MITP) [3] , but a high-frequency electrical amplifier (EA) and an electrical frequency divider are needed to obtain the feedback signal required for the optoelectronic oscillation, which makes the maximal achievable frequency of the OEO relatively small. Shin et al. proposed another frequencydoubling OEO by using the wavelength-dependent nature of the half-wave voltage of a LiNbO 3 MZM [4] . In the system, two continuous-wave (CW) lasers at 1550 and 1310 nm were used. The bias voltage was carefully adjusted such that the modulation was performed at the quadrature transmission point (QTP) for the wavelength at 1310 nm to produce a lowfrequency feedback signal, and the modulation was performed at the MITP for the wavelength at 1550 nm to generate a frequency-doubled signal. However, two optical sources at two wavelengths are needed, making the system complicated and costly. In addition, for an MZM it is difficult to achieve an ideal 50/50 splitting ratio in the Y-splitter due to the fabrication tolerances. Therefore, a poor suppression of the odd-or even-order sidebands would be resulted, which will degrade the spectral purity of the generated microwave signals. Recently, Tsuchida and we respectively suggested a frequency-doubling OEO based on a polarization modulator (PolM) [5, 6] . The proposed approach is simple and compact since no high-speed devices, active modulator bias control, and an extra laser diode (LD) are needed. The frequencydoubling OEO was further applied for clock recovery, NRZ to RZ/CSRZ format conversion, serial-to-parallel conversion and 3R regeneration [2, 6, 7] .
In this paper, we introduce a dual-loop frequencydoubling OEO based on polarization modulation and polarization multiplexing, which is further applied to implement wideband microwave up-conversion. The OEO can also be used to perform microwave carrier recovery and microwave down-conversion. 
Frequency-doubling OEO
The schematic diagram of the frequency-doubling dual-loop OEO is shown in Fig.1 . A lightwave from a laser diode (LD) is sent to a PolM with its polarization state aligned to have an angle of 45° to one principle axis of the PolM, followed by two polarization beam splitters (PBS1 and PBS2) via two PCs (PC1 and PC2). PC1 is adjusted to let the output of PBS1 equivalent to intensity modulation biased at the quadrature transmission point (QTP) [5] . PBS1 simultaneously serves as a polarization-modulation-to-intensity-modulation converter and a power splitter, which divides one portion of the PolM output into two optical paths with complementary intensity modulation. In each path, a section of single-mode fiber (SMF) and a PC (PC3 or PC4) are inserted. The two optical paths are combined by another PBS (PBS3). Because the polarization of the optical lightwaves from the two paths is orthogonal after multiplexing in the PBS3, they would not interfere with each other when introduced to a photodetector (PD). The converted electrical signal from the PD is filtered by a tunable bandpass filter (BPF), amplified by a low-noise amplifier, and then fed back to the RF port of the PolM, to form an oscillation at one of its eigenmodes determined by the center frequency of the BPF. It should be noted that the combination of polarization modulation and polarization multiplexing introduces two loops, which can be used to efficiently increase the side mode suppression ratio (SMSR) in the OEO. PC2 is adjusted to let the output of PBS2 equivalent to intensity modulation biased at the either QTP or MITP. Two phase-correlated optical wavelengths with a wavelength spacing corresponding to one or two times the frequency of the oscillation signal in the OEO loop are then obtained. By beating the two wavelengths at a PD, a highquality microwave signal is generated. If the BPF is implemented by an Yttrium-iron-garnet (YIG) BPF, the frequency of the OEO is tunable. Fig. 2(a) shows the electrical spectrum of 10-GHz microwave signal generated by the frequency doubling OEO. As can be seen, the sidemodes are suppressed to be 78-dB lower than the carrier. Fig. 2 (b) shows the typical phase noise spectra of the generated 10- The electrical spectrum of (b) the 2.5Gb/s baseband signal, (c) the upconverted signal at a 10-GHz carrier, and (d) the up-converted signal at a 20-GHz carrier.
Frequency up-conversion
When a baseband-signal modulated optical carrier is injected into the OEO, the oscillation of the OEO will not be disturbed since the baseband signal will be effectively eliminated by the high-Q EBPF in the OEO loop. As a result, the upper branch would output an up-converted signal at either one or two times the fundamental frequency because of the optical mixing in the PolM-based intensity modulator depending on the static phase term introduced by PC2. Thus, this scheme is able to perform up-conversion of a baseband signal to a 10 or 20-GHz frequency carrier without any replacement of the devices. In addition, a PolM is a special phase modulator that can support both TE and TM modes with opposite phase modulation indices in a large wavelength range [7] , so the proposed scheme is wavelength independent and free from bias drifting problem. Fig. 3(a) shows the frequency response of the photonic microwave up-conversion scheme based on the OEO. An almost constant conversion loss of 38 dB is obtained in a frequency range from DC-5 GHz or DC-10 GHz when the scheme is operated to upconvert the signal to a 10-or 20-GHz carrier. In an experiment, a 2.5-Gb/s baseband signal in Fig. 3(b) is successfully upconverted to a 10-GHz carrier (Fig. 3 (c) ) and a 20-GHz carrier ( Fig. 3 (d) ) respectively.
Other applications
Since the frequency doubling OEO can be injection-locked if the input optical signal has a distinct clock component with a frequency near one or two times the frequency of the oscillation signal [7] , it can also be used to perform microwave carrier recovery. The optical mixing in the PolMbased intensity modulator will then down-convert the input optical microwave signal to the baseband.
Conclusion
A dual-loop frequency-doubling OEO based on polarization modulation and polarization multiplexing was demonstrated. High-quality 10-and 20-GHz microwave signals was generated, and a 2.5-Gb/s baseband signal was successfully up-converted to a 10-GHz carrier and a 20-GHz carrier based on the OEO.
